This report focuses on the application of zinc oxide nanoparticles (ZnO NPs) carrying phycomolecule ligands as a novel plant growth promoter aimed at increasing the crop productivity of purslane (Portulaca oleracea L.). Experiments were performed under controlled greenhouse conditions using a completely randomized design with nine replications. Purslane seeds were treated with four concentrations of ZnO NPs (0, 10, 100, and 500 mg L −1 ) and four concentrations of bulk ZnO (0, 10, 100, and 500 mg L −1 ). The ultrastructural characteristics of the leaves of the plants treated with of 500 mg L −1 ZnO NPs were determined using transmission electron microscopy (TEM). The results indicated that the treatment with ZnO NPs increased the content of chlorophyll a and chlorophyll b, carotenoids, and total phenolic and flavonoid compounds significantly more than the treatment with bulk ZnO. Our findings also showed that the application of high concentrations of ZnO NPs is the most effective strategy to considerably induce the antioxidant capacity and enzymes of purslane plants. Furthermore, the seed germination percentage and sprout growth rates were significantly higher in the plants treated with 500 mg L −1 of ZnO NPs (100% ±0.00), compared to the control plants (93.33% ±1.66). The TEM images revealed the concentration of ZnO NPs and cell membrane rupture, as well as a deformation in the shape of chloroplasts and a decrease in their number in the plants treated with 500 mg L −1 ZnO NPs, compared to the control plants. Owing to their toxicity, high concentrations of ZnO NPs lead to oxidative stress in plants. Thus, our findings provide a new alternative strategy for increasing crop productivity, i.e., the application of ZnO NPs as a novel plant growth booster, in comparison with the bulk ZnO treatment.
≤50 nm; purity: 99.94 wt%; specific surface area: 31 m 2 g −1 ; Sigma-Aldrich Co. LLC., USA) and bulk ZnO (Sigma-Aldrich) suspensions (in ultrapure water) for 2 h on a rotary shaker at 20°C. Subsequently, 160 seeds were rinsed with ultrapure water and transferred onto a wet filter paper in Petri dishes of 10-cm diameter and placed in a growth chamber for 5 days at 25 ±2°C for seed germination and growth. During the experimental period, the number of germinated seeds was recorded daily. Germination percentage, germination rate, average roots and stem lengths, and seedling dry weight were measured. The germination percentage and rate were determined using the formulas described by El-Keblawy and Al-Ansari [28] .
For the pot experiment, the purslane seeds were planted in pots with a volume of 4 kg. The seeds were grown under natural conditions, with the temperature approximately 25-27°C at night and 31-35°C during the day. Twenty-one-day-old seedlings were treated with four concentrations of ZnO NPs (0, 10, 100, and 500 mg L −1 ) and four concentrations of bulk ZnO (0, 10, 100, and 500 mg L −1 ). All treatments were performed by adding suspensions of different concentrations to the soil of the pots. Plants were harvested 1 week after the last treatment for the biochemical analysis.
Plants were grouped as follows: C -control (0 mg L −1 ZnO NPs or bulk ZnO), 10 mg L −1 ZnO NPs, 100 mg L −1 ZnO NPs, 500 mg L −1 ZnO NPs, 10 mg L −1 bulk ZnO, 100 mg L −1 bulk ZnO, 500 mg L −1 bulk ZnO.
Biochemical analyzes
The content of photosynthetic pigments, such as chlorophyll a, b and carotenoids, was estimated using the method described by Arnon [29] . The content levels of chlorophyll a, b and carotenoids were determined using the equations proposed by Lightenthaler [30] and expressed as mg g −1 fresh weight (FW).
The flavonoid content was estimated using the equations proposed by Krizek et al. in 1998 [31] and expressed as mg g −1 FW.
Total soluble phenols in the leaf extracts were determined using the Folin-Ciocalteu reagent procedure [32] , with gallic acid as the standard compound.
The antioxidant assay was performed using the ferric reducing antioxidant power (FRAP) method. The total antioxidant capacity was measured according to Benzie and Strain [33] .
The enzymes were extracted according to Chen et al. [34] . Enzymes were extracted at 4°C in a mortar and pestle using 0.1 M phosphate buffer (pH 7.5) containing 0.5 mM Na 2 -EDTA and 0.5 mM ascorbic acid as an extraction buffer. The homogenate was centrifuged for 15 min at 4°C, and the resulting supernatants were separated as enzyme extracts.
The peroxidase enzyme was assayed as described by Dimkpa et al. [35] . The peroxidase activity (EC 1.11.1.7) was assayed using a reaction mixture comprising acetate buffer (0.2 M, pH 4.8), 3% H 2 O 2 and 0.04 M benzidine in 50% (v/v) methanol. The reaction was started by adding the enzyme extract. The peroxidase activity was expressed as ΔA min −1 g −1 FW.
The catalase activity (EC 1.11.1.6) was determined as a decrease in absorbance at 240 nm [36] and expressed as ΔA min −1 g −1 FW.
Transmission electron microscope (TEM)
Potential cellular and subcellular damages, including NP localization, in the leaf upon exposure to ZnO NPs were investigated using TEM (Zeiss EM900) and compared with the control leaf samples. The leaf samples were prefixed in 2% (v/v) glutaraldehyde for 2 h, washed in 0.1 M phosphate buffer (pH 7.2), postfixed in 1% osmium tetraoxide for 2 h, dehydrated in ethanol, and then infiltrated and embedded in epoxy resin. Subsequently, the samples were imaged by TEM, and the image analysis was performed using ImageJ. For TEM analysis, we chose to investigate only the samples treated with the highest concentrations (500 mg L −1 ) of ZnO NPs and bulk ZnO because of the challenges in locating small particles and identifying potential cellular damages associated with the exposure to low concentrations of NPs.
Statistical analyses
Data analyses were carried out with the R statistical software version 3.5.1. The mean values of each treatment group were submitted to variance analysis by the Duncan's test at the level of 5% of probability.
Results

Seedling growth characteristics
The statistical results showed that the root length increased in the groups treated with both ZnO NPs and bulk ZnO compared to the control group. Significant changes were observed only at the concentration of 500 mg L −1 of ZnO NPs (p < 0.001) and at the concentration of 10 mg L −1 of bulk ZnO (p < 0.01). The highest stem length was observed in the group treated with 500 mg L −1 of ZnO NPs, and it was significantly higher than that observed in the control group (p < 0.05). The lowest stem length was observed in the group treated with 10 mg L −1 of bulk ZnO, but changes were not significant in comparison to the control group. The fresh seedling weight was reduced in all groups treated with ZnO NPs and bulk ZnO, compared to the control group. This reduction was significant in all groups (p < 0.001), except for the group treated with 500 mg L −1 of bulk ZnO. Furthermore, the dry seedling weight decreased in all treatment groups, except for the group treated with 500 mg L −1 of bulk ZnO; however, the changes were not significant in comparison to the control group. The germination percentages were higher in the ZnO-NPs groups than in the control group. In contrast, the germination percentages in the groups treated with 10 and 500 mg L −1 of bulk ZnO decreased compared to the control group, and only the germination percentage of the group treated with 100 mg L −1 of bulk ZnO was equal to that of the control group. However, the changes were not significant in comparison to the control group. An increase in germination rate was observed in the groups treated with 100 and 500 mg L −1 of ZnO NPs compared to the control group. In contrast, the germination rate in the groups treated with 10 and 500 mg L −1 of bulk ZnO decreased compared to the control group, and only the germination rate of the group treated with 100 mg L −1 of bulk ZnO was equal to that of the control group. However, the changes were not significant in comparison with the control group (Tab. 1).
Photosynthetic pigments content
In comparison with the untreated control, the groups treated with ZnO NPs and bulk ZnO exhibited an increase in the chlorophyll a and b content, where the highest increase was recorded in the group treated with 500 mg L −1 ZnO NPs significantly (p < 0.001). However, the changes observed with 10 mg L −1 ZnO NPs and bulk ZnO were not statistically significant. Moreover, the statistical analysis of the results showed that in comparison with the control group, the groups treated with ZnO NPs and bulk ZnO exhibited an increase in their carotenoid content, where the highest significant increase was recorded in the group treated with 500 mg L −1 of ZnO NPs (p < 0.001). However, the changes observed with 10 mg L −1 of ZnO NPs and bulk ZnO were not statistically significant (Tab. 2).
Flavonoid content, phenolic content, and total antioxidant capacity
The treatment with ZnO NPs and bulk ZnO increased the leaf flavonoid content of the plants, wherein the highest increase was recorded in the group treated with 500 mg L −1 of ZnO NPs. Significant changes were observed for all concentrations of ZnO NPs and bulk ZnO (p < 0.001). The phenolic content of leaf tissues was influenced by ZnO NPs and bulk ZnO treatments. Compare to the control, all treatments led to an increase in total soluble phenolic content of the leaves, and the highest increase was observed in the group treated with 500 mg L −1 ZnO NPs. Significant changes were observed for all concentrations of ZnO NPs and bulk ZnO, except for 10 mg L −1 bulk ZnO (p < 0.001). In comparison with the control group, the total antioxidant capacity was altered in all ZnO NP-and bulk ZnO-treated groups, with the highest increase recorded in the group treated with 500 mg L −1 of ZnO NPs. Significant changes were observed for all concentrations of ZnO NPs and only one concentration (500 mg L −1 ) of bulk ZnO (p < 0.001) (Tab. 2). A comparison of the chloroplasts of the treated and untreated control plants showed that they were oval and stretched in the control plants ( Fig. 1A ), but were more or less spherical and swollen in the plants treated with ZnO NPs and bulk ZnO that it's more invasive in ZnO NPs treatments ( Fig. 1B-D) . Furthermore, the thylakoids, which were well ordered in the control plants ( Fig. 1A) , were less consistent and dilated in the treatment plants (Fig. 1B,D ). In addition, both ZnO NPs and bulk ZnO affected the starch content of chloroplasts, reducing the number and size of starch grains in the bulk ZnO treatment (Fig. 1D ) and increasing the number and size of starch grains in the ZnO NP treatment (Fig. 1B) . The cell membrane and apoplast space were also affected by ZnO NPs and bulk ZnO. In the ZnO NP treatment, the cellular membrane collapsed and the cells wrinkled, widening the apoplastic space (aps = 308 ±133 nm) (Fig. 1C ).
Antioxidant enzyme activity
Discussion
Seedling growth characteristics
The application of ZnO NPs improved the seedling growth indexes. Furthermore, in response to the ZnO NP treatments, the stem length increased significantly compared to the control group. Similar studies conducted by Venkatachalam et al. [37] , Prasad et al. [38] , and Tarafdar et al. [39] also showed the positive effects of ZnO NPs on stem length in young buds. The zinc element likely stimulates the shoot and shortening root. In Lin and Xing's study [40] on Lolium perenne, significant effects of ZnO NPs were observed on the epidermis and root cortex, with NP internalization in the endodermal and vascular tissues [41] . A high dose of ZnO NPs produced a greater effect, whereas the equivalent amount of bulk ZnO produced a moderate effect. It is known that the Zn metal acts as a cofactor in many plant enzymes and is involved in the production and synthesis of proteins in plants. Another prominent role of zinc is in the synthesis of the amino acid tryptophan as a prerequisite for the production of the hormone auxin, which causes an increase in the longitudinal shoot growth and a decrease in root length [42] .
Unlike the study conducted by Venkatachalam et al. [37] , which showed an increase in the fresh and dry weights of the cotton seedlings treated with ZnO NPs when compared with the control group, our results showed a decrease in the fresh and dry weights of the seedlings in the treated groups compared to the control group. It can be said that the fresh and dry weight loss of the roots and stems in the present study was probably due to the disruption of the biosynthesis and transfer of growth regulators, such as gibberellic acid and auxin, in the plants treated with both ZnO NPs and bulk ZnO. This result is consistent with the studies on the Brassica napus plant conducted by Mousavi Kohi et al. [43] . Furthermore, Rao and Shekhawat's study on the toxicity effects of 200, 500, 1,000, and 1,500 mg L −1 of ZnO NPs on the growth and metabolism of B. juncea showed a decrease in the fresh and dry weights of plants in a dose-dependent manner [44] . Several reports have stated that ZnO NPs affect seed germination in various plants. Bandyopadhyay et al. [45] , who studied the plants of alfalfa, and Venkatachalam et al. [37] , who studied the plants of Gossypium hirsutum L., observed an increased in the percentage and rate of germination upon treatment with ZnO NPs. Our results also showed a significant increase in the percentage and rate of germination of the group treated with 500 mg L −1 of ZnO NPs, compared to the control group. The reason for increased germination percentage in nanoparticle-treated plants could be the increased absorption of nanoparticles into the seed coat and, consequently, the increase in water absorption, light, and activity of the rubisco enzyme [46] . Light activates the PIL5 protein destruction pathway (in conjunction with the bHLH protein phytochrome) and leads to an increase in the biosynthesis and degradation of GA [47] , which, in turn, results in rapid seeding growth in P. oleracea.
Photosynthetic pigments content
Our results showed an increase in the content of chlorophyll a and b and carotenoids in all groups treated with ZnO NPs and bulk ZnO in comparison with the control plants. However, the content of these photosynthetic pigments was higher in the treatment with ZnO NPs than with bulk ZnO, and the greatest increase was observed in the plants treated with 500 mg L −1 ZnO NPs. Our findings are consistent with the results of Venkatachalam et al. [37] , Prasad et al. [38] , and Tarafdar et al. [39] , who studied the effect of ZnO NPs on the content of photosynthetic pigments in cotton, peanut, and millet, respectively. In plants, the deficiency of Zn causes chlorosis in the leaves, followed by the appearance of necrotic white stains in the older leaves. The presence of chlorosis indicates a plant's requirement for the Zn element in the biosynthesis of chlorophyll. The addition of Zn affects chlorophyll biosynthesis directly as well as indirectly. In the indirect method, the addition of Zn leads to more nitrogen uptake and contributes to nitrogen metabolism. Since nitrogen is an essential part of the chlorophyll molecule, it can be said that zinc indirectly affects the chlorophyll content of a plant. In contrast, some studies have reported a decrease in the amount of chlorophyll under different concentrations of ZnO NPs in pumpkin, wheat, and maize plants, suggesting that presence of Zn in the root environment prevented the absorption of iron and the resulting deficiency of iron might have led to the disruption of chlorophyll biosynthesis [48] .
Flavonoid and phenolic content and total antioxidant capacity
The results showed that the flavonoid and phenolic content and total antioxidant capacity were increased in all groups treated with ZnO NPs and bulk ZnO, compared to the control plants. However, the amounts of nanoparticles treatments were higher than those of bulk ZnO, and the greatest increase was observed in the plants treated with 500 mg L −1 of ZnO NPs. In addition, the results prove the hypothesis that the response of plants to nanoproducts might be different from their response to bulk compounds. Differences in plant behavior in response to nanomaterials might be attributed to the differences in the physicochemical characteristics of these compounds, which influence the uptake, biomolecular interactions, signaling cascades, and biological systems of nanoparticles. Recent scientific experiments have shown that nanoparticles are more bioactive agents than the bulk metal because of their unique physicochemical properties [49, 50] . Differential behavior of plants in response to metal nanoparticles and bulk metal has been related to their surface and quantum effects, which in turn, influence their chemical reactivity and interaction with target biomolecules, like DNA, lipids, proteins and enzymes, and other cellular components [51] .
Our results are consistent with the findings of Ushahra et al. [52] regarding the effect of nanoparticles on the antioxidant capacity of Eruca sativa. Of course, Lin and Aarts [53] showed that the antioxidant capacity decreases under very high concentrations of nanoparticles, because the Zn, as a heavy metal, is toxic to many plants at too high concentrations. Some findings indicate that the reason for the decrease in antioxidant capacity is the excessive production of free radicals, which, in turn, reduces growth and antioxidant activity [54] . The flavonoid and phenolic compounds are secondary metabolites and have a protective and antioxidant role [55, 56] . It has also been reported that in plants treated with high concentrations of heavy metals, the flavonoid and phenolic compounds are activated and protect the plant. Phenolic compounds have the ability to chelate heavy metals [55, 57] . It was demonstrated that the flavonols contained in the vacuole can be used in the flavonol-peroxidase cleansing system to purge the active oxygen species, especially H 2 O 2 [58] . The activity of such systems in plants seems necessary because it provides optimal conditions for plant growth. Our results contradict the findings of Javed et al. [54] who studied the effect of ZnO NPs on the phenolic and flavonoid content of Stevia rebaudiana and showed a decrease in the phenol and flavonoid content of the plants treated with 100 and 1,000 mg L −1 of nanoparticles, compared to the control plants. The reason for this decrease in the phenolic and flavonoid content under high concentrations of nanoparticles is the imbalance between antioxidant activity and oxidative stress, which results in a reduction in antioxidant activity, including the reduction of phenolic and flavonoids content. However, the current study showed that no such toxicity symptoms observed in the purslane plants treated with ZnO NPs coated with phycomolecules, even at higher doses (500 mg L −1 ). The likely reasons are the growth and biochemical changes induced by ZnO NPs or bulk ZnO particles partly because of the toxic effects of Zn ion dissolution, root exudates, or the physical interaction of ZnO particles with roots and structural induction: ■ The hydrodynamic diameter of nanoparticles is too large to cross the cell wall pores (5 to 20 nm in diameter). Therefore, the selective permeability of the cell wall [59] or the presence of plasmodesmata (40 to 50 nm in diameter) allows the nanoparticles to pass through the cell wall. ■ Although the absorption of bulk ZnO particles by the roots should be naturally lower than that of the ZnO NPs, it has been shown by some studies that Zn accumulation in the roots of the plants treated with bulk ZnO particles is more than in the roots of the plants treated with ZnO NPs [60] . ■ The inhibitory effects of the bulk ZnO treatments are much higher than those of the ZnO NP treatments on the growth of P. oleracea L. These results are consistent with the results of Mousavi Kohi et al., who studied the inhibitory effects of the bulk ZnO and ZnO NP treatments in B. napus [43] .
Antioxidant enzyme activity
The findings of the current study clearly indicated that the activity of the peroxidase enzyme was the highest in the leaf and the lowest in the root. However, at high concentrations, ZnO NPs were more effective in increasing the peroxidase activity than the bulk ZnO particles. The highest activity of peroxidase was observed in the leaves of the plants treated with 500 mg L −1 ZnO NPs. Hereby, it is manifested that metal nanoparticles affect the peroxidase activity more efficiently than their bulk counterparts. Interestingly, the ZnO NP treatment mitigated heavy metal (Cd and Pb) toxicity in L. leucocephala by enhancing the photosynthetic pigment content, reducing lipid peroxidation, and inducing antioxidant enzymes [13] .
In contrast, the activity of the catalase enzyme in the leaf was generally higher than in the root and stem. However, its activity decreased in the leaves of the plants treated with ZnO NPs and slightly increased in the leaves of the plants treated with bulk ZnO.
Numerous researchers have studied the effect of ZnO NPs and bulk ZnO on the activity of antioxidant enzymes in different parts of plants. For example, Bandyopadhyay et al. [45] studied the effect of ZnO NPs and bulk ZnO on the activity of peroxidase and catalase in alfalfa roots, stems and leaves. Chen et al. [61] studied the effect of ZnO NPs on the activity of peroxidase and catalase in the roots and stems of rice plants. Venkatachalam et al. [37] and Hernandez-Viezcasa et al. [62] studied the effect of ZnO NPs on the activity of peroxidase and catalase in the leaves of cotton and Prosopis juliflora-velutina, respectively. Krishnaraj et al. [63] studied the effect of oxidizing nanoparticles on the activity of peroxidase and catalase in Bacopa monnieri. The results of all these studies are consistent with our results. Reports show that heavy metals, including Zn, produce reactive oxygen species (ROS), which are deleterious to plant cells. A regulatory defense mechanism increases the levels of antioxidant enzymes, including peroxidase, catalase, and superoxide dismutase, in order to protect plant cells under oxidative stress conditions. It has also been shown that the catalase enzyme involved in the removal of excess H 2 O 2 in the cell [64] . The reduced activity of catalase in the leaf of a plant treated with 500 mg L −1 ZnO NPs might be due to the loss of a defense system, which resulted in decreased antioxidant activity. It has been demonstrated that nanoparticles stimulate ROS production by inhibiting the expression of the genes encoding antioxidant enzymes, including catalase and peroxidase and by destroying the H 2 O 2 collecting system [61] .
Ultrastructural study
The easiest way to determine the condition of nanoparticles in plant tissues is through transient electron microscopy. Zhou et al showed that increasing the concentration of copper nanoparticles increases the intracellular accumulation of copper [65] . The results of Sharma et al. [66] , who showed that increasing the concentration of silver nanoparticles increased the intracellular accumulation of silver [66] , are consistent with the results of these studies. Unlike animals, algae, fungi, and plants have a cell wall that prevents the entry of nanoparticles. Only the nanoparticles smaller than the cell wall pores can pass through the cell wall. The accumulation of high concentrations of nanoparticles in plant cells are caused by the additional absorption processes of the cell wall and membrane, including ion exchanges, facilitated release, and active transfer [67] . Electron microscopic images show the damaged membrane, cell wall, and chloroplasts in the leaf cells of the plants with ZnO NPs, compared to the leaf cells of the control group. This damage is probably due to the high accumulation of ZnO NPs and formation of oxidative stress, which in turn prevents the growth of purslane plants. After transferring nanoparticles to cells, they are transmitted from one cell to another via plasmodesmata [68] . Sometimes the accumulation of nanoparticles might occur as a result of the blockage of pores and canals [68] . The application of ZnO NPs has been shown to upregulate the expression of key antioxidant stress-responsive enzymes in G. hirsutum [37] and O. sativa [15] . Contradictorily, exposure to ZnO NPs in wheat enhanced the generation of ROS and adversely changed the antioxidant defense systems, consequently leading to the destruction of the crucial cellular structure, especially membranes, and growth inhibition [69] . Hence, more research is needed to make a more accurate evaluation.
Conclusion
The application of ZnO NPs at a concentration of 500 mg L −1 increased the content of some phytochemicals, such as flavonoids and phenolics, and total antioxidant capacity and modified seed germination and seedling growth parameters. In conclusion, it seems that owing to the high consumption of nanoproducts, the likelihood of the entry of these nanoparticles into the food chain, especially through plant-derived foods/ drugs, is inevitable. This study provides a valuable theoretical basis and insight into the potential advantage and toxicity of ZnO NPs in the pharmaceutically important plant, purslane. Moreover, a comparison of the ZnO NPs with bulk ZnO particles was also presented. The current study provides valuable data and evidence for increasing crop productivity by increasing the concentration of useful compounds, such as antioxidants and secondary metabolites, through the application of ZnO NPs in P. oleracea. However, more convincing studies are required to illustrate the elusive ecotoxicological impacts of these nanoproducts. The nanoforms of Zn were found more effective than its bulk counterparts in influencing plant growth and physiology. An increase in the production of secondary metabolites might help in the production of new effective metabolites, probably applicable for therapeutics proposes.
